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First-principles fully relaxed tensile tests were performed on a C-segregated Fe 
Σ3 (111)/[ 011 ] symmetrical tilt grain boundary (GB) to investigate the breaking 
behavior of C–Fe bonds during tensile straining. Fe atoms around a C atom 
moved obliquely to the tensile direction, and C–Fe bonds stretched in the tensile 
direction without premature bond breaking. Analyses of the electronic states 
during deformation showed that a variation in the charge density at the bond 
critical point was much larger for the C-Fe bond than for the P-Fe bond and that 
the C atom exhibited larger variations of s and p states involved in the covalent-
like characteristics than the P atom. It is suggested that these lead to a high 
mobility of the C-Fe bonds. On the other hand, first-principles shear tests on the 
Fe GB imply that C-segregated Fe GB toughening is not associated with 
increased crack blunting by dislocation emission. 
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Introduction 
Segregation of impurities at grain boundaries (GBs) often induces embrittlement or 
toughening/strengthening of materials in which GB fracture occurs. The origins of 
enhanced embrittlement by segregation have been extensively investigated from an 
electronic viewpoint [1], and explanations of embrittlement have been provided, such as 
a bond mobility model [2], a decohesion model [3], size effects [4,5] and local stress 
concentrations [6]. In the bond mobility model, embrittlement is caused by limited bond 
mobility arising from covalent bonding between impurities and neighboring host atoms 
[2]. For example, the covalent-like characteristics of P–Fe induce premature atomic 
bond breaking of P–Fe, resulting in enhanced embrittlement of Fe GBs by P segregation 
[7]. However, GB toughening or strengthening by segregation occurs in iron [8-11] and 
other materials [12,13] when the bonds between impurity atoms and neighboring host 
atoms are covalent. Thus, both the bond mobility model of GB embrittlement and the 
explanation for GB toughening/strengthening by segregation are associated with the 
covalent characteristics of the atomic bonds between impurity and host atoms, so the 
material responses cannot be only the result of covalency. 
Thermodynamic analysis [14] is another approach to investigate segregation effects, 
where the tendency toward embrittlement or toughening can be estimated using state 
functions of the GB energy before deformation and the surface energy after fracture. 
The fracture energy for deformable materials tends to increase with increasing ideal 
brittle fracture energy, which is estimated assuming that the breaking of all atomic 
bonds is reversible [15]. However, not only reversible atomic bond breaking, but also 
irreversible atomic bond breaking occurs in fracture of deformable solids. Hence, 
irreversible atomic bond breaking may lead to GB toughening/strengthening on account 
of the covalent characteristics of the bonds. 
 
Methodology 
It is well known that C toughens or strengthens Fe GBs [16]. First-principles 
calculations of the effects of C on Fe GB cohesion have been performed [9,10,17-19]. 
Recently, first-principles fully relaxed tensile tests, in which a cell is first strained and 
then the atoms in the cell are fully relaxed, have been carried out for a more realistic 
description of tensile tests by first-principles calculations [7,20]. Irreversible atomic 
bond breaking can be achieved by using this model. In the present work, first-principles 
fully relaxed tensile test simulations were performed on a C-segregated Fe Σ3 
(111)/[ 011 ] symmetrical tilt GB to investigate the breaking behavior of C–Fe bonds 
during tensile straining. 
Geometry optimization calculations were performed using the Cambridge serial 
total energy package (CASTEP) [21] with ultrasoft pseudopotentials [22], and a 300-eV 
plane-wave cut-off was used to perform the first-principles calculations. A Monkhorst-
Pack 6 × 4 × 2 k-point mesh and 0.1-eV-wide Gaussian smearing were used. The 
exchange–correlation interactions were treated using the spin-polarized version of the 
generalized gradient approximation within the Perdew–Burke–Ernzerhof functional 
[23]. The simulation conditions, such as the cut-off energy, sampling k-points, and 
Gaussian smearing, were determined on the basis of the previous studies [17,24]. 
A body-centered cubic Fe Σ3 (111)/[ 011 ] tilt GB cell (clean GB) was used. The 
lattice parameter of the Fe cell was 0.2867 nm, which agrees adequately with the 
experimental value (0.2870 nm). The C atoms were placed at interstitial sites of the Fe 
GB in a C-segregated GB cell (Figure 1), which are the energetically most stable sites 
for C segregation [17]. The cell contained 36 Fe atoms for the clean GB, and 36 Fe 
atoms and two C atoms for the C-segregated GB. The initial cells were 0.405 nm × 
0.702 nm × 1.489 nm [24]. The C concentration at the C-segregated GB was 3.8 at.%, 
assuming that the GB width was 1 nm. It has been experimentally showed that the C 
concentrations at the GB in Fe are in the range 3.0–14.4 at.% [25]. Also atom probe 
tomography revealed that the C concentrations at the GB in carbon-added Fe were about 
2 at.% [26]. Thus, the C concentration at the GB in the C-segregated GB model in the 
present work is comparable with the concentrations in the experimental studies. A P-
segregated Fe Σ3 (111)/[ 011 ] tilt GB cell, which is the same as that in the previous 
study [7], was also constructed for comparison with the C-segregated GB. After 
relaxing each cell, a 2% incremental uniaxial tensile strain was applied in the [111] 
direction (normal to the GB plane) to the cells for the first-principles fully relaxed 
tensile tests. All the atomic positions were relaxed based on Hellmann–Feynman forces 
until all of the forces were less than 0.03 eV/Å. The lattice dimensions in the GB plane 
were fixed during the calculations, ignoring the Poisson’s ratio to simplify the 
calculations [6,27,28]. This step was iterated until the GB fractured. After convergence 
of the Hellman–Feynman forces, the total energies of the simulations cell were 
calculated, assuming they were zero before deformation. 
First-principles shear tests were also performed by shifting the upper grain with 
respect to the lower grain of 1/20 of the coincidence site lattice (CSL) units in the (111) 
plane. The atoms in the two layers in the middle of each grain were fixed at their bulk 
positions during the geometry optimization, and the other atoms were allowed to relax 
[29,30]. The sliding was continued until energy reduction, where GB migration 
occurred. 
 
Results and Discussion 
The results of first-principles fully relaxed tensile tests are shown in Figure 2. The 
total energy of the simulation cell for the C-segregated GB was higher than that for the 
clean GB below 26% strain. For the C-segregated GB, the total energy decreased above 
26% strain because of GB separation. On the other hand, for the clean GB, the total 
energy increased below 28% strain and decreased above 28% strain. As a result, the 
maximum value of the total energy for the C-segregated GB was lower than that for the 
clean GB, although the difference was small. Considering the stress (Figure 2(b)), the 
maximum stress for the C-segregated GB was a little larger than that for the clean GB, 
indicating that the GB strength was enhanced by C segregation. Note that the stress 
decreased a little from 20% to 22% strain in the C-segregated GB, while such a 
decrease in the stress was not observed in the clean GB. 
The charge density distributions for the ( 011 ) plane in the C-segregated GB are 
shown in Figure 3. The C and Fe atoms were strongly bonded because of the large 
charge density. However, the C1–Fe4 bond was broken from 20% to 22%. This 
corresponds to the fact that the stress decreased from 20% to 22% in the C-segregated 
GB. After breaking of C1–Fe4, the Fe4 atom moved almost parallel to the tensile 
direction with straining, and the Fe2 atom moved toward the space where the Fe4 atom 
had been located, whose direction of movement was oblique to the tensile direction by 
changing the Fe2–C1–Fe1 bond angle. Fe1 and Fe3 atoms also moved obliquely to the 
tensile direction by changing the Fe1–C1–Fe3 angle. Thus, the C–Fe bonds stretched in 
the tensile direction without premature bond breaking by changes in the Fe–C–Fe 
angles, except for the C1–F4 bond. Note that the Fe atoms around the C atom exhibited 
high bond mobility, despite the covalent-like characteristics of C–Fe as shown later. C–
Fe bonding has spatial anisotropy, that is stronger vertical C–Fe bonding and weaker 
lateral C–Fe bonding [9]. The same trend was found in Cr–Fe bonding, which leads to 
enhanced Fe GB cohesion [11]. However, the origin of high bond mobility of covalent-
like bonded C-Fe cannot be sufficiently explained only by the spatial anisotropy.  
It is known that P is a strong embrittler of Fe GBs, although the Fe–P bond also 
exhibits covalent characteristics [7]. All of the Fe atoms around the P atom only moved 
parallel to the tensile direction in the P-segregated GB [7]. The calculation in the P-
segregated GB was performed by ignoring the Poisson’s ratio as well as that in the C-
segregated GB, which indicates that the difference in bond mobility between C-Fe and 
P-Fe is not related to the calculation condition of ignoring the Poisson’s ratio. Clearly, 
the Fe atoms around the P atom have the limited bond mobility. Hence, it is worthwhile 
to investigate the origin of high bond mobility of C-Fe in comparison with the P-Fe. 
The effects of segregation on GB cohesion/decohesion can be classified into size effects 
and chemical effects [4,31-34]. Size effects tend to decrease the GB cohesion, whereas 
chemical effects tend to increase the GB cohesion [4,31-34]. Hence, the enhanced 
cohesion of Fe GBs by C segregation can be attributed to the chemical effects of C–Fe 
bonding. The partial densities of states (PDOSs) of the C1 atom in the C-segregated GB 
are shown in Figure 4. The PDOSs of the Fe2 and Fe4 atoms in the C-segregated GB 
are shown in Figure 5, where the inset of each figure shows the PDOSs at −13 to −10 
eV of orbitals related to covalent-like bonding. Hybridization of C s and Fe s states, and 
C p and Fe d states occurred at −13 to −10 eV and −8 to −5 eV before straining, 
respectively, indicating that C–Fe bonds have covalent-like characteristics. The trend of 
covalent-like characteristics related to the s and p states of the C atom for C–Fe bonding 
is the same as that of the P atom for P–Fe bonding [7]. The hybridization in the Fe4 
atom disappeared at 22% strain (Figure 5), corresponding to the bond breaking of C1–
Fe4 occurring from 20% to 22% strain. Note that the peaks of the s and p states of the 
C1 atom, which are involved in the covalent-like characteristics of C–Fe bonds, 
gradually shifted toward the Fermi level with straining. The peaks of the s and p states 
that are involved in the covalent-like characteristics of P–Fe bonds also gradually 
shifted toward the Fermi level with straining (Figure 6). However, an inspection of 
Figures 4 and 6 reveals that the peak shift is larger for the C–Fe bonds than for the P–Fe 
bonds. Only a little charge transfer occurs between C and Fe atoms [10,18]. Similarly, 
charge transfer between P and Fe atoms was only a little from the population analysis 
(which is not shown in the present paper). Thus, the charge transfer does not play an 
important role in both the C-Fe and the P-Fe bonds. Therefore, it is suggested that the C 
atom exhibits large variations of s and p states involved in the covalent-like 
characteristics than the P atom.   
There is a close relation between topological properties of electronic charge density 
and solid state structures [35]. The characteristic topology of any scaler field is given in 
terms of its critical points, which are the zeros of the gradient of this field. In particular, 
the charge density at the bond critical point (BCP), which is a saddle point [35], is 
crucial for atomic bond breaking [36]. Figure 7 shows the charge density along the line 
normal to the C1–Fe4 bond passing through the BCP of C1–Fe4. Note that the charge 
density at the BCP decreases with straining despite the covalent-like characteristics of 
C1–Fe4. Finally, the curve of the charge density at the BCP becomes flat at 22% strain. 
The trend of charge density variation with straining for the C1–Fe4 bond is similar to 
that for the Fe–Fe bond in the clean Fe GB [37]. However, the variation in the charge 
density at the BCP with straining is significantly lower for the P–Fe bond [37]. Clearly, 
the C-Fe bond shows much larger variation in the charge density during deformation 
than the P-Fe bond. In addition, the C atom exhibits larger variations of s and p states 
involved in the covalent-like characteristics than the P atom, as shown in Figures 4 and 
6. These are suggested to lead to the high bond mobility of C-Fe.  
Blunting a sharp crack by emitting dislocations from its tip is another toughening 
mechanism [38]. Although it is difficult to precisely assess the dislocation emission by 
the first-principles calculations, a trend of the dislocation emission can be estimated by 
first-principles shearing tests. In the present paper, effects of C on the dislocation 
emission were estimated by first-principles shearing tests with the Fe GB cells. The 
results of the shearing test simulations showed that more energy is required for shear 
deformation with C addition (Figure 8). This suggests that C-segregated Fe GB 
toughening is not because of increased crack blunting by the dislocation emission 
because C atoms hinder the dislocation emission. The hindered dislocation emission by 
C atoms is probably due to the covalent-like bonding of C-Fe. Let consider GB 
strengthening mechanisms by covalent bonds. In the case of low mobility of covalent 
bonds, like P-Fe bonds, GBs are embrittled as expected on the bond mobility model. 
However, when the mobility of covalent bonds is not reduced much, like C-Fe bonds, 
the embrittlement expected by the bond mobility model does not occur, and GBs are 
strengthened due to the strong interface adhesion caused by covalent bonding. It is 
important to note that a role of a covalent bond in grain boundary embrittlement or 
strengthening depends on its bond mobility.  There are some limitations of the present 
calculation scheme, such as the GB investigated is only the Σ3 GB, no dislocations and 
cracks are generated, there are no natural defects of steps and facets at the GB plane, 
and the effects of lattice vibrations are not considered. However, the bond mobility of 




First-principles fully relaxed tensile tests were performed on a C-segregated Fe Σ3 
(111)/[ ] symmetrical tilt grain boundary (GB). Fe atoms around a C atom moved 
obliquely to the tensile direction without premature bond breaking. Thus, the C-Fe 
bonds showed a high bond mobility. A variation in the charge density at the bond 
critical point was large for the C-Fe bond and the C atom exhibited large variations of s 
and p states involved in the covalent-like characteristics. It is suggested that these lead 
to a high mobility of C-Fe bonds. On the other hand, it is implied from the first-
principles shear tests on the Fe GB that C-segregated Fe GB toughening does not arise 
from increased crack blunting by dislocation emission. 
011
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Figure 1. Unit cell model of the C-segregated Fe Σ3 (111)/[ ] tilt GB segregated by 
C. C1 indicates a C atom, and Fe1, Fe2, Fe3 and Fe4 indicate Fe atoms around the C 
atom. C atoms are placed at interstitial sites on both sides of the Fe GB. The initial cells 
are 0.405 nm × 0.702 nm × 1.489 nm. 
 
Figure 2. Results of first-principles fully relaxed tensile tests for clean and C-segregated 
GBs. (a) Total energy–strain curve and (b) stress–strain curve.  
 
Figure 3. Charge density distribution for the ( 011 ) plane in the C-segregated GB: (a) 
0% strain, (b) 20% strain, (c) 22% strain, (d) 26% strain, and (e) 28% strain.  
 
Figure 4. Partial densities of states of the C1 atom in the C-segregated GB: (a) 0% 
strain, (b) 20% strain, (c) 22% strain, (d) 26% strain, and (e) 28% strain.  
 
Figure 5. Partial densities of states of Fe2 and Fe4 atoms in the C-segregated GB: (a) 
0% strain, (b) 20% strain, (c) 22% strain, (d) 26% strain, (e) 28% strain for the Fe2 
atom, and (f) 0% strain, (g) 20% strain, (h) 22% strain, (i) 26% strain, and (j) 28% strain 
for the Fe4 atom. 
 
Figure 6. Partial densities of states of the P atom for the P-segregated GB: (a) 0% strain, 




Figure 7. Variation in the charge density along the line normal to the C1–Fe4 bond 
passing through the bond critical point (BCP) of C1–Fe4.  
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